T illage decisions are among the most important crop management decisions for producers. Crop management decisions are based on analysis of the profi tability, impact of the practice on the environment, and interaction of the practice to other management practices (Uri, 1999; Ryan et al., 2003; Carlisle, 2016) . However, the same researchers indicate that among these factors, profi tability-which is a function of crop yield, is at the core of these decisions. Th erefore, analysis of the impact of tillage on yield of crops across environments is crucial.
While the positive impacts of NT for environmental health through C sequestration, improving soil biological activity, soil structure, and soil water conservation were frequently reported (Hobbs et al., 2008; Six et al., 2002 , FAO, 2011 , Busari et al., 2015 , the short-and long-term yield benefi ts from NT and CT have been mixed, that is, both, better yield from NT compared with CT (Endale et al., 2008; Toliver et al., 2012; Farooq et al., 2011) and better yield from CT compared with NT were reported (Davidson and Santelmann, 1973; Lund, 1993; MacHado et al., 2007) . Perhaps that has contributed to slower adoption of NT technologies. In 2009, 35.5% of cropland allocated for major crops in the United States was under NT (Horowitz et al., 2010) . Based on the same report, the adoption of NT signifi cantly varied by crops and by regions. In the Great Plains region of the United States, adoption of NT varied from about 25% in the northern Great Plains to <5% in the southern Great Plains in 2004 (Hansen et al., 2012) .
Crop management systems are oft en location, time, and crop specifi c, for example, what works in semiarid regions may not work in humid regions, what works for one crop may not work for another, or what works at the start of a system may not be sustainable. Results of a meta-analysis of tillage eff ect on crop yield suggests better performance of NT under rainfed conditions in dry climates, with yields oft en being equal to or higher than CT practices (Pittelkow et al., 2015) ; but the same analysis suggests a yield decline in the fi rst 1 to 2 yr following NT implementation for most crops, with matched CT yields aft er 3 to 10 yr in humid climates. Similarly, a meta-analysis of multiple conservation agricultural management systems reports the eff ects of these management systems are dependent on how long the practice has
Long-Term Tillage on Yield and Water Use of Grain Sorghum and Winter Wheat

ABSTRACT
Tillage is among crop management factors that aff ect yield, profi tability, and environmental quality. Th e objective of our study was to evaluate the eff ect of three long-term tillage intensities; conventional tillage (CT), reduced tillage (RT), and notill (NT), on winter wheat (Triticum aestivum L.) and grain sorghum (Sorghum bicolor L.) yield, available soil water (ASW), and water productivity. Th e study was conducted near Tribune, KS, from 1991 through 2015 in a wheat-sorghum-fallow (WSF) rotation. Th e CT plots were tilled (primarily with a sweep plow), on average, four to fi ve times per fallow season; NT plots used herbicides for weed control during fallow. Th e RT plots used a combination of herbicides and tillage for weed control during fallow prior to both crops for years 1991 to 2000; and, for the years 2001 to 2015, the RT system was NT before sorghum planting (short-term NT) and CT before wheat planting. On average, there was a 31% wheat yield advantage for NT over CT, 16% NT over RT, and 12% RT over CT. On average, there was a 120% sorghum yield advantage for NT over CT, 41% NT over RT, and 55% RT over CT. Sorghum yields were 80% greater for continuous NT compared with short-term NT . Th e average of profi le ASW at planting was less for CT compared with NT and RT. Th ere was a signifi cant yield and water productivity benefi t in the order NT > RT > CT for both crops, but greater for sorghum than wheat. Abbreviations: ASW, available soil water; CT, conventional tillage; NT, no tillage; RT, reduced tillage; WSF, wheat-sorghum-fallow rotation.
Core Ideas
• Average sorghum yield advantage was 120% for no tillage over conventional tillage and 55% for reduced tillage over conventional tillage.
• Average wheat yield advantage was 31% for no tillage over conventional tillage and 12% for reduced tillage over conventional tillage.
• Available soil water at planting in soil profi le was less for conventional tillage than both no tillage and reduced tillage for both crops.
• Th ere was a decline in wheat yield over time due to increased seasonal temperature.
been in place (Rusinamhodzi et al., 2011) . Results of other studies have also suggested a crop, soil, and general location specifi c yield benefi t from NT compared with CT for sorghum, wheat, and other crops in the United States, specifi cally in the Great Plains region (Norwood et al., 1990; Norwood, 1992; Unger, 1994; Schlegel et al., 1999; Toliver et al., 2012; Farooq et al., 2011) . Grain sorghum (Sorghum bicolor L.) and wheat are among the dominant dryland crops in the Great Plains region (USDA, 2016) and oft en grow in rotation between the two, as a wheatsorghum-fallow (WSF) system (Assefa et al., 2014; Hansen et al., 2012; Tarkalson et al., 2006) . Even though both sorghum and wheat are adapted to dryland conditions, yield reduction in drought conditions is evident for both crops (Musick et al., 1994; Assefa and Staggenborg, 2010) . Adoption of the appropriate tillage system contributes to mitigate the negative eff ects of water limitation. However, information on the eff ect of long-term tillage on wheat and sorghum grain yield, available soil water, and water productivity for a WSF system for the central Great Plains is limited.
Th e objective of our study was to evaluate the eff ect of three long-term tillage intensities on wheat and sorghum yield, available soil water, and water productivity in a WSF rotation. Our hypothesis was that a NT system would provide greater yield, available soil water, and water productivity than a CT system for both wheat and sorghum in a WSF rotation under dryland cropping conditions.
MATERIALS AND METhODS
Th is long-term dryland (non-irrigated) tillage intensity study was conducted at the Kansas State University Southwest Research-Extension Center near Tribune, KS (38°28¢13² N, 101°45¢16² W, 1095 m asl) from 1991 through 2015 on a deep silt loam soil (Richfi eld silt loam [fi ne smectitic, mesic Aridic Argiustoll]). Tribune, KS, is in a semiarid environment with average annual precipitation of 455 mm. Average monthly temperature and total monthly precipitation for the years 1990 through 2015, and the 30-yr mean (normal) measurements at a weather station near the study area, are depicted in Fig. 1 (Kansas State Weather Data Library, 2017) .
Th e study was conducted in a WSF rotation with three tillage intensities; CT, RT, and NT. Th e CT system was tilled as needed to control weed growth during the fallow periods. On average, this resulted in four to fi ve tillage operations prior to each crop, using a sweep plow for most tillage operations (FlexKing model KM-15, Quinter, KS) or fi eld cultivator for the fi nal tillage operation (John Deere model 960, Moline, IL). Th e depth of tillage was approximately 10 cm for the sweep plow and 5 cm for the fi eld cultivator. Th e RT system originally used a combination of herbicides (usually two spray operations) and tillage (two to three tillage operations) to control weed growth during the fallow period before each crop; however, in 2001, the RT system was changed to using NT from wheat harvest through sorghum planting (short-term NT) and CT from sorghum harvest through wheat planting. Th is resulted in the same number of tillage operations in the 3-yr rotation as the original RT system but changed the placement of the tillage operations within the rotation. Th e tillage treatment change in 2001 was made to refl ect a change in common producer tillage practices in the region (no-till sorghum followed by CT wheat). Th e NT system relied solely on herbicides to control weed growth during the fallow periods. Herbicides used for weed control in NT fallow varied across years but relied primarily on glyphosate [N-(phosphonomethyl) glycine] (0.84 kg acid equivalent ha -1 ), dicamba (3,6-dichloro-2-methoxybenzoic acid) (0.14-0.28 kg a.i. ha -1 ), and 2,4-D (2,4-dichlorophenoxy-acetic acid) (0.28-0.56 kg a.i. ha -1 ). On average, this resulted in four to fi ve herbicide applications prior to each crop. All tillage systems used herbicides for weed control during the growing season. In-crop herbicides for wheat included metsulfuron (methyl 2-[[[[(4-methoxy-6-methyl-1,3 ,5-triazin-2-yl)-amino]-carbonyl] amino]sulfonyl]benzoate) (7 mg ha -1 ), dicamba (0.07-0.14 kg a.i. ha -1 ), and 2,4-D (0.14-0.28 kg ha -1 ) applied in the spring. For in-crop weed control for sorghum, generally atrazine (6-chloro-N 2 -ethyl-N 4 -isopropyl-1,3,5-triazine-2,4 diamine) (1.12-1.68 kg a.i. ha -1 ) and metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methlyethyl) acetamide] (1.85-2.24 kg ha -1 ) were applied pre-emergence. In recent years, mesotrione (2-[4-(methylsulfonyl)-2-nitrobenzoyl]cyclohexane-1,3-dione)) (0.185 kg a.i. ha -1 ) was also added to the herbicide mixture for sorghum. All phases of each rotation were present each year. The experimental design was a randomized complete block with four replications. The experimental plots were 15.2 m wide and 30.4 m long.
Planting dates were from late May to early June for grain sorghum and from the second week of September to second week of October for winter wheat (Table 1) . Seeding rate was 80,000 to 100,000 seeds ha -1 for sorghum and 45 to 60 kg ha -1 for wheat. Sorghum was planted with a John Deere model 7300 planter (Moline, IL) in 76 c rows and wheat was planted with a single disc drill (John Deere 752 drill with 19 cm row spacing) for the NT plots and a hoe drill (John Deere 9400 drill with 30 cm row spacing) for the RT and CT plots. Urea ammonium nitrate (UAN, 28% N) was applied at average rates of 67 and 90 kg N ha -1 for wheat and sorghum, respectively, with a liquid fertilizer applicator (Melroe model 220 Spra Coupe, Bismarck, ND) that dribble-banded the UAN on the surface in late winter to early spring. Starter fertilizer (ammonia polyphosphate, 10-34-0) was surface dribbled (5 cm from the row) to sorghum with the planter at planting to supply about 8 kg N ha -1 and 12 kg P ha -1 . For wheat, monoammonium phosphate (11-52-0) was applied with the seed at planting to supply about 7 kg N ha -1 and 15 kg P ha -1 .
The center portion (1.5 m wide for sorghum and 1.9 m for wheat) of each plot was machine harvested and grain yields measured and adjusted to 125 g kg -1 water content for both sorghum and wheat. For sorghum, plant and head counts were made from the harvested area. For wheat, plant and head counts were made from biomass samples. Seed mass (mg kernel) -1 was measured, and seeds per head were calculated. Aboveground biomass samples (3.04 m of row for both sorghum and wheat for an area of 2.31 m 2 for sorghum, 0.58 m 2 for NT wheat, 0.91 m 2 for CT and RT wheat) were taken at harvest, dried, and weighed. Harvest index was calculated as ratio of kilogram of grain yield to kg of aboveground biomass, all on an oven-dry basis. Soil water measurements (0-240-cm depth in 30-cm depth increments) were taken gravimetrically (for CT and RT) or by neutron attenuation (for NT) near planting and after harvest. Plant ASW was calculated as field-measured soil water content 9  18  2008  6  25  TAM 111  2010  5  24  9  30  Pioneer 87P06  9  17  2009  6  29  TAM 111  2011  5  27  10  25  Pioneer 87P06  10  14  2010  7  10  TAM 111  2012  6  11  10  19  Pioneer 87P06  9  13  2011  6  17  TAM 111  2013  5  30  10  22  Pioneer 87P06  10  2  2012  7  12  TAM 111  2014  6  6  10  23  Pioneer 87P06  9  22  2013  6  30  TAM 111  2015  6  2  10  16  Pioneer 87P06  9  19  2014  6  30  TAM 113  Mean  6  1  10  24  9  19  6  29  Day of year  Mean  152  297  262  181  SD  7  11  10  7 minus soil water content at -1.5 MPa matric potential (314 mm in 240-cm profile), with all water contents on volumetric basis (Stone et al., 1976; Nielsen and Halvorson, 1991) . Available soil water was converted from water volume per total volume basis to water depth per soil depth increment basis by multiplying the ASW (volumetric basis) by the soil depth increment. The total plant available soil water in the soil profile (0-240 cm) was calculated as sum of the available water values measured by 30 cm increments. Crop water use was calculated by water balance method-summing soil water depletion (soil water near planting minus soil water after harvest) plus in-season precipitation similar to Nielsen et al. (2015) . Deep percolation and runoff were not measured and assumed to be negligible. Crop water productivity, which is defined as grain yield per water used (Passioura, 2006) , was calculated by dividing grain yield (kg ha -1 ) by crop water use (mm). Off-season (fallow) accumulation was gain in soil water from harvest of previous crop to planting of current crop (Zhang et al., 2016) . Fallow efficiency was calculated as fallow accumulation divided by precipitation during the fallow period. Analysis of possible effect of tillage on response variables of each crop was conducted for data from 1991 through 2015 using SAS 9.4 (SAS Institute, 2012) using PROC MIXED procedure. Analysis was conducted by crop mainly focusing on the impact of tillage on yield and other variables of either wheat or sorghum. To compare annual tillage effect on yield, biomass and yield components, the response variable (e.g., grain yield of each crop) was modeled against fixed variables tillage for each year while block (replication) was a random variable. When an across-years (overall average) analysis was conducted, year was a random variable with block nested in years. Analysis of possible effect of tillage on available soil water at planting and harvest, in-season depletion, and fallow accumulation were analyzed for each crop. Mean separation test, for responses that showed significant differences due to tillage at P < 0.05, were conducted using Tukey's Honest Significant Difference (HSD) test. The correlation between annual average NT, RT, CT sorghum and wheat yield with average in-season temperature and total precipitation were analyzed using PROC CORR and PROC REG procedure of SAS. Similar analysis was conducted to determine trend in the average monthly in-season temperature and total precipitation for the study period.
RESULTS AND DISCUSSION
Yield and Yield Components
There was a significant yield advantage of NT over CT but magnitude of the effect of tillage for yield varied by crop and year. In both crops, NT yields were consistently among the best for all years with harvestable yields (Table 2) . However, significantly greater wheat yield for NT compared with CT was realized only for 12 of the 25 study years. Except for seven of the years (2000, 2003, 2006, 2007, 2009, 2010, and 2012) there was no significant difference between RT compared with NT for wheat. Averaged over all years, there was a 31% yield advantage for NT over CT, 16% NT over RT, and 12% wheat yield advantage for RT over CT. There was a slow but significant decline in wheat yield over time for all tillage systems (trend line in Table  2 (Table 2 ). There were significant differences between tillage treatments for years 1991 to 2000 in the order (NT > RT > CT), and NT yields were greater compared with both CT and RT for 2001 to 2015. Wheat yields in RT were not different from CT in 2001 to 2015.
Greater sorghum yields for NT compared with CT were produced in 17 yr and greater NT yields than RT in 9 yr. Averaged over all years, there was a 120, 41, and 55% yield advantage for NT over CT, NT over RT, and RT over CT, respectively, for sorghum. Average NT and RT sorghum yields were greater in both 1991 to 2000 and 2001 to 2015 compared with CT. However, average RT yields were not different from NT in 1991 to 2000 but average RT yields were significantly lower than NT for the years 2001 to 2015 thus indicating that short-term no-till is not as effective as long-term no-till (Table 2 ). There was no significant change over time for average yield of sorghum in any tillage systems (Trend line in Table 2 ).
There were significant differences between tillage treatments for all three yield components (heads ha -1 , number of seeds head -1 , and seed mass) in sorghum (Table 3) . Averaged across all years, the number of heads ha -1 , number of seeds head -1 , and seed mass were greater for NT compared with both CT and RT. Reduced tillage was greater in the number of heads ha -1 and seed mass compared with CT for sorghum. Only the number of heads ha -1 was different for wheat between the three treatments in the order NT > RT > CT. There was no significant difference between the three tillage systems for the other (number of kernels head -1 and kernel mass) wheat yield components.
These results agree with previous reports that concluded NT sorghum yields were better compared with yields from CT and RT tillage systems (Unger, 1994; Schlegel et al., 1999; Torbert et al., 2009 ). An average yield advantage for RT sorghum compared with CT sorghum observed in this study is consistent with work in the southern Great Plains (Bordovsky et al., 1998) . On average, winter wheat yield was better in NT than in CT. However, in half of the experimental years there was no significant difference between NT and CT wheat yields. Our results on the minimal effect of tillage treatment on wheat yield is in agreement with previous reports (Schlegel et al., 1999; Kelley and Sweeney, 2005) who concluded that tillage has little effect on wheat yield. Vyn et al. (1991) also concluded that final wheat grain yield components and yield did not differ significantly among three tillage treatments (NT, RT, and CT). In general, NT performs best under rainfed conditions in dry climates, with yields often being equal to or higher than CT practices (Pittelkow et al., 2015) . An annual yield advantage with reduction of tillage, often in the order NT > RT > CT, is perhaps a result of increases in the yield components due to conservation of water, improved surface residue, improved soil biological activity, and soil structure (Unger, 1994; Hobbs et al., 2008; Six et al., 2002; Busari et al., 2015) . In some years, the gap between CT and NT yields were far greater than expected for sorghum. For example, in 2010, sorghum produced 0.60 Mg ha -1 under CT and 5.29 Mg ha -1 under NT. This is a combination of both the effect of treatment and timing of water stress. In most years, all sorghum treatments look similar until near heading or early grain fill. When dry conditions existed, the CT treatments would show stress first while the NT treatments would have sufficient soil water to continue growth for a longer period. If rainfall occurred before the NT treatments showed stress, this resulted in good yields for NT and poor yields for CT.
Biomass and harvest Index
Sorghum biomass was greatest for NT, followed by RT, and least for CT when averaged over years 1991 to 2000. From 2001 to 2015 sorghum biomass was greatest for NT and least for CT, with NT not different from RT (Table 4) Research on the eff ect of tillage on biomass and harvest index is scarce. A study by Winter and Unger (2001) showed NT produced the greatest sorghum biomass compared with other tillage treatments but HI was not diff erent across treatments. Roth et al. (2000) , on the other hand, compared NT vs. CT wheat following sorghum among other treatments and found lower HI for NT in three out of seven wheat varieties in 1997 and one out of seven varieties in 1998. Unger (1994) did not fi nd biomass differences among tillage treatments for wheat and grain sorghum. Recently, Baumhardt et al. (2017) reported a signifi cant greater sorghum biomass for NT vs. stubble-mulch tillage (SM) but not with wheat.
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Available Soil Water
Average ASW at sorghum planting varied by depth and by tillage (Fig. 2) . Soil water at sorghum planting was greater toward the top of the soil profi le (0-90 cm) with very small diff erences between tillage treatments (Fig. 2a) . Available soil water at planting declined with increasing soil depth and was signifi cantly drier for CT compared with RT and NT at soil depths of 90 to 180 cm (Fig. 2a) . Similar to planting, ASW at sorghum harvest was greater for the upper soil profi le 0 to 30 cm compared with the 90-to 240-cm depth (Fig. 2b) . However, treatment diff erences in ASW at harvest were small at all depths with a tendency to be drier for CT compared with RT and NT. Within the cropping season, soil water depletion was evident across all depths with CT sorghum depleting more soil water than NT at the 120-150-cm depth and more than NT and RT at the 90-to 120-cm depth (Fig. 2c) . Soil water during fallow, after the wheat crop, increased for all treatments and it was greater for NT and RT compared with CT for the soil depth 90 to 210 cm (Fig. 2d) . Additionally, RT had more accumulation than CT at the 0-to 150-cm depth and more than NT at the 60-to 90-cm depth (Fig. 2d) .
Available soil water at wheat planting declined with depth and was generally greater in the top of the soil profile (0-90 cm) with small differences between tillage treatments (Fig. 3a) . Available soil water was drier for CT compared with NT at depth of 90 to 240 cm and drier than RT at depths of 120 to 240 cm. There was no difference between NT and RT at any soil depth. Available soil water at wheat harvest was greater for the upper soil profile 0 to 30 cm compared with the 90-to 240-cm depth. Unlike sorghum, the difference in ASW between tillage treatments at harvest was significantly different with CT drier than NT for depths of 60 to 180 cm and RT drier than NT at depths of 60 to 120 cm. The pattern of soil water depletion by the wheat crop was similar for all tillage treatments, with greatest depletion at depths of 30 to 90 cm. It was also at these depths where greater depletion was observed in RT compared with NT (Fig. 3c) . Fallow soil accumulation was slightly greater for NT compared with CT for the soil depth 90 to 210 cm (Fig. 3d) .
The average profile ASW at sorghum planting was less for CT (152 mm) compared with NT (184 mm) and RT (191mm) (Fig. 4) . Similarly, average profile ASW at wheat planting was less for CT (174 mm) compared with NT (201 mm) and RT (207 mm). There was no significant difference in ASW between NT and RT at planting of either crops but profile ASW was greater for NT compared with RT at wheat harvest. Crop-season soil water depletion was significantly greater for RT compared with CT for both crops. There was no significant difference in cropping season soil water change between NT and RT for sorghum but the change was greater for RT than NT for wheat. Similarly, fallow accumulation (the fallow before planting) was significantly greater for RT (122 mm) for both crops compared with CT (92 mm sorghum; 106 mm wheat). There was no significant difference in cropping season soil water depletion between NT and RT for wheat but the change was greater for RT than NT for sorghum. The fallow efficiency was in the order RT (0.28) ≥ NT (0.25) = CT (0.24) for wheat and RT (0.30) > NT (0.25) = CT (0.22) for sorghum.
Greater soil water status for NT and RT treatments than CT that we found agrees with results of Baumhardt et al. (2011) who reported 8 and 20 mm more soil water content at planting of wheat and sorghum, respectively, for NT compared with tillage. Unger (1994) showed a significant soil water increase during fallow with NT. Similar results were reported by others (Benjamin, 1993; Norwood, 1992; Jones and Popham, 199; Jacobs et al., 2009; Pagliai et al., 2004; Fabrizzi et al., 2005) . Research shows the relationship between yield and soil water at planting is relatively better for sorghum than for wheat (Schlegel et al., 2017; Stone and Schlegel, 2006) . Unger and Baumhardt (1999) attributed a significant percentage of the 139% yield increase for sorghum observed for the period from 1939 to 1997 to change in soil water at planting. The main contribution of NT practices to increasing dryland crop yield is through increased soil water availability which comes through decreased water evaporation at the soil surface and improved soil physical properties such as infiltration rate, hydraulic conductivity, aggregate stability, microporosity, and water holding capacity. Previous data showed higher soil water contents at -1.5 Mpa matric potential, increased size and weight of water stable aggregates, and increased ponded steady state infiltration for NT compared with RT or CT (Stone and Schlegel, 2010) . Recently, a relatively greater cumulative runoff during fallow period after sorghum and wheat was reported for NT (57 mm) compared with stubble mulch tillage, 33 mm (Baumhardt et al., 2017) .
Water Use and Water Productivity
Water use did not vary between tillage systems in years 1991 to 2000 for sorghum but it varied for years 2001 to 2015 (Table 5 ). In years 2001 to 2015 and averaged over all years, water use was greater for RT compared with CT but there was no significant difference between NT and either RT or CT. Averaged across all years, water productivity was greatest for NT followed by RT and CT. Conventional tillage had the least water productivity in 1991 to 2000, 2001 to 2015, and 1991 to 2015 (Table 5) .
Unlike sorghum, water use of wheat varied among tillage systems in years 1991 to 2000 but not for years 2001 to 2015 (Table 5 ). In years 1991 to 2000 water use was greater for RT compared with CT with no significant difference between NT and either RT or CT. Averaged over 1991 to 2015, water use was greater for RT compared with both NT and CT. Water productivity, on the other hand, was greater for NT wheat compared with both CT and RT (Table 5) .
In agreement with our results, an increase in water productivity (25-40% increase) through tillage was reported (Schlegel et al., 1999; Hatfield et al., 2001 ), but most researchers did not find a difference in water use between tillage treatments for either sorghum or wheat (Baumhardt and Jones, 2002; Unger, 1994; Norwood, 1992) . This long-term study suggests a widening yield gap between tillage treatments as water use increases in the order NT > RT > CT for sorghum (Fig. 5a ) and in the order NT > RT = CT for wheat (Fig. 5b) .
Relationships Between Rainfall and Temperature with Yield
The variability in yield in this long-term study can be partially explained with variation in off-season and in-season climatic variables. For example, average annual yield in 1991, 1992, 2000 to 2003, 2006, 2008, 2009, and 2012 can be characterized as low sorghum yields (<2.5 Mg ha -1 ) and average annual wheat yields for years 1991, 2002, 2004, 2006, 2009, and 2012 to 2015 were low (<1Mg ha -1 ) compared with the other experimental years ( Table 2 ). The years from 2000 to 2003 are marked by below normal seasonal precipitation and above normal summer temperature. Similarly, years 2006 Similarly, years , 2008 Similarly, years , 2009 Similarly, years , and 2012 had abnormally dry, hot summers, cold winters, or combination of both which affected the yields of both wheat and sorghum.
Signifi cant positive relationships (P < 0.05) were obtained between annual average sorghum yields and total seasonal precipitation (Fig. 6a) . Th ere was also a signifi cant diff erence between the three tillage treatments in precipitation use efficiencies (grain yield per millimeter of in-season precipitation). Precipitation use effi ciency was in the order NT > RT > CT. Th ere was a signifi cant negative linear relationship (P < 0.05) between average growing season temperature and CT and RT sorghum yields (Fig. 6b) . Sorghum yield declined at the rate of 932 to 680 kg (ha) -1 per 1°C increase in growing season temperature for CT and RT treatments. Th e linear relationship between NT sorghum yields and temperature was not signifi cant. During the study period, there was no signifi cant upward or downward trend for total sorghum growing season precipitation (Fig. 6c) . However, there was an increasing trend in seasonal average temperature (about a 1°C increase in 10 yr, Fig. 6d ). Similarly, there was a signifi cant positive (P < 0.05) linear relationship detected between annual average wheat yields and growing season precipitation (Fig. 7a) . With winter wheat, there was no signifi cant diff erence in precipitation use effi ciency between the tillage treatments. Th ere was a significant negative linear relationship (P < 0.05) between in-season temperature (March-June) and wheat yields (Fig. 7b) . Wheat yield declined at the rate of 739 to 849 kg (ha) -1 per 1°C increase in growing season temperature with no signifi cant difference among treatments. Total growing season precipitation did not show signifi cant decline but average available soil water at planting did decline in the 2000's compared with the 1990s (Fig. 7c) . Seasonal average temperatures for wheat increased over the study period (Fig. 7d) .
Th e relationships between sorghum and wheat yields with seasonal rainfall and temperature reported here are in agreement with previous reports (Stone and Schlegel, 2006; Assefa and Staggenborg, 2010; Barkley et al., 2014; Schlegel et al., 2017) . A negative eff ect of increasing temperature during the growing season on crop yield and the increasing trend in sorghum and wheat growing season temperature that we reported here is previously documented for the Great Plains region (Kunkel et al., 2013; Barkley et al., 2014) . Continued increases in temperature would lower expectations of higher grain yields in the future.
CONCLUSIONS
Averaged over all study years, there was a yield advantage for NT wheat over CT, NT over RT, and RT over CT. Th e longterm trend was a decline for wheat yield over time for all tillage systems perhaps due to increased temperature in the growing season. More so than wheat, there was a yield advantage for NT sorghum over CT, NT over RT, and RT over CT. Th ere was a signifi cant yield benefi t for sorghum from long-term vs. shortterm NT, that is, 80% yield advantage of NT compared with RT for years 2001 to 2015. Th ere was no signifi cant sorghum yield change over the experimental time for all tillage systems but a tendency of a positive yield trend was observed for NT. Th e average total ASW at planting in the 0-to 240-cm soil profi le was less for CT compared with NT and RT for both sorghum and wheat. Th ere was a signifi cant water productivity benefi t in the order NT > RT > CT for both crops but greater for sorghum than wheat. We concluded a yield benefi t from NT for dryland sorghum and a moderate to no benefi t for wheat, despite a soil water gain from NT for both crops. To obtain maximum benefi t from NT for grain sorghum, it must be done continuously and not in rotation with tillage. 1991-2000 2001-2015 1991-2015 1991-2000 2001-2015 CT  370  339b †  352b  470b  374b  414b  RT  384  364a  373a  509a  387b  438a  NT  385  353ab  366ab  483ab  380b  423b  HSD ‡  29  15  23 15 Water productivity, kg grain (ha mm) -1 -2000 -2000 . Relationship between total in-season precipitation and average temperature (May-September) with sorghum yield and trends of total seasonal precipitation, available soil water (ASW), and average sorghum growing seasonal temperature for the years 1991 to 2015 near Tribune, KS.
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